Normalized experimental differential and integral cross sections for vibrationally elastic scattering of low-energy electrons from isobutanol (C 4 H 9 OH) are presented. The differential cross sections are measured at incident energies from 1 to 100 eV and scattering angles from 5
I. INTRODUCTION
Low-energy electron collisions with gaseous molecules containing a hydroxyl (OH) group have provided useful information regarding the collision physics involving molecules with a permanent dipole moment. Differential cross sections (DCSs) for these species have been measured for targets including water [1] and primary alcohols [2, 3] . Recently Bettega et al. investigated low-energy electron scattering from four butanol (C 4 H 9 OH) isomers (n-, iso-, 2-, and t-butanol) using the Schwinger multichannel method within the staticexchange plus polarization approximation [4] , and found that different partial-wave contributions to the resonant DCS behavior of these isomers (d-wave or f -wave oscillatory pattern) depended on their structure (branched or straight chain). Their investigation expanded on earlier work that showed a similar pattern in electron scattering by smaller alcohols [2, 3] and by straight-and branched-chain alkanes. Studies of OH-containing molecules are also of interest in light of recent work by Allan and co-workers on dissociative electron attachment (DEA) to various alcohols [5] that indicated the presence of an H σ ࢩ resonance whose influence increased with the size of the molecule, while similar studies [6] of asymmetric ethers revealed pronounced energy selectivity in which C-O bond is broken, as well as a general tendency against breaking O-CH 3 bonds. Such DEA results provide important information about where on the molecule the impinging electron attaches to form a resonance (temporary anion) and about which molecular features-for example, the size, the presence or absence of substituent groups, and the arrangement of atoms-are most significant in determining the electronscattering behavior and subsequent nuclear dynamics. This information is of great interest at present because it pertains to low-energy electron-driven damage to biological molecules such as DNA, which predominantly involves DEA processes [7] . The present experimental work was primarily undertaken to provide data for comparison with our earlier results on low-energy elastic electron scattering from n-butanol [3] and to explore the observation in theoretical work [4] , mentioned above, that isobutanol exhibits a d-wave scattering pattern in the DCS, vs an f -wave pattern in n-butanol, in the resonant region near 10-eV collision energy.
In addition to the measurements on isobutanol, we have also performed calculations using the Schwinger multichannel method for electron scattering from C 4 H 9 NH 2 (isobutylamine), where the hydroxyl (OH) group has been replaced by an isoelectronic amide (NH 2 ) group (see Fig. 1 ), and on five smaller alkyl amines-ethylamine, dimethylamine, n-propylamine, isopropylamine, and ethylene diamine (Fig. 2) -in order to explore whether the patterns observed in the DCSs persist when OH is replaced with NH 2 . We note that the dipole moments of the butyl alcohols are similar, ranging from around 1.69 to 1.81 D, and that of isobutylamine is 1.1 to 1.3 D [9] .
II. METHODS

A. Experimental
Our experimental apparatus (spectrometer, vacuum chamber, control equipment) has been detailed in previous papers, e.g., Khakoo et al. [10] , and a brief description will be given here. Both the electron gun and detector employed double hemispherical energy selectors, and the apparatus was made of titanium. Cylindrical lenses were used to transport scattered electrons through the system, which was baked to about 130
• C with magnetically free biaxial heaters [11] . Electrons were detected by a discrete dynode electron multiplier [12] with a dark count rate of <0.01 Hz and capable of linearly detecting >10 5 Hz without saturating. The remnant magnetic field in the collision region area was reduced to 1 mG at the collision region by a double μ-metal shield, coupled with a Helmholtz coil that eliminated the vertical component of the Earth's magnetic field. Typical electron currents were around 18-28 nA, with an energy resolution of between 40 and 50 meV FWHM. Lower currents were chosen for lower E 0 values in order to curtail the effects of space-charge broadening of the incident electron beam. The electron beam could be easily focused at 1 eV and remained stable, varying less than 15% at maximum during the day's data acquisition. The energy of the beam was established by repetitively (at least daily) measuring the dip in the elastic scattering of the 2 2 S He-resonance at 19.366 eV [13] at θ = 90
• to better than 30 meV stability during an experimental run (1 day). Typically the contact potential varied from 0.6 to 0.7 eV. Energy-loss spectra of the elastic peak were collected at fixed E 0 values and θ by repetitive, multichannel scaling techniques. The effusive target gas beam was formed by flowing gas through a 0.3-mmdiameter, 0.025 mm thick aperture, which was sooted (using an acetylene flame) to reduce secondary electrons. In using the aperture instead of a conventional tube gas collimator, we obviate the experimental need to maintain the gas pressures of the target gases in an inverse ratio of their molecular diameters, thus removing an additional systematic source of error that could occur in using tube collimators or similar equipment (see, e.g., Ref. [3] ). The aperture, located 5-7 mm below the axis of the electron beam, was incorporated into a moveable source [14] arrangement. The moveable gas source method determines background electron-gas scattering rates expediently and accurately. The measured DCSs were normalized using the relative flow method with helium as the reference gas, using DCSs from the well-established work of Nesbet [15] for E 0 below 20 eV and of Register et al. [16] for E 0 above 20 eV. The pressures behind the aperture ranged from 1.2 to 2 torr for He and 0.08 to 0.14 torr for isobutanol, resulting in a chamber pressure ranging from 1.2 × 10 −6 torr to 2 × 10 −6 torr. Each DCS was taken a minimum of two times to check its reproducibility and weighted averaging was made of multiple data sets to obtain the final DCSs.
B. DCS Integration
Integral cross sections (ICSs) and momentum transfer cross sections (MTCSs) were evaluated from the measured DCSs by extrapolating the DCS to 0 and 180
• and applying the standard integral formula. As per several previous studies reported by this group [1] [2] [3] , the Born-dipole DCS was used to estimate the contribution to the ICSs from small scattering angles, which for polar targets is expected to be much larger (as much as 5 orders of magnitude) than a simple extrapolation from the measured data would indicate. A dipole moment of 1.66 D was assumed [17] , while 5 meV of inelasticity was included to prevent a nonintegrable singularity that occurs at 0
• for a completely elastic transition.
In this study, we employed a different extrapolation method from the one we have used in the past, which eliminates some numerical convergence issues encountered previously while trying to implement a Born-dipole guided extrapolation routine. The routine is first described excluding incorporation of the Born-dipole cross section. Each DCS was extrapolated to 0
• by fitting a cubic polynomial to the measured data points for the three smallest angles. Three data points do not specify a unique third-order polynomial, allowing the additional condition that the polynomial's first derivative must equal zero at 0
• . Once the polynomial coefficients are found, the value of the DCS was simply evaluated from the polynomial at 0
• . This extrapolation routine was then repeated using the three data points for the largest angles to estimate the DCS at 180
• . Once both end-point values are obtained, the entire DCS was interpolated with a standard cubic spline fit and integrated.
The above procedure is a very simple method of estimating the values of the DCSs at the end points but nonetheless always yielded a smooth DCS (free from spurious structures) with visually plausible end points, while avoiding the subjectivity of a "by-eye" extrapolation. This routine is also simple to modify to account for the forward angle scattering. First, the value of the Born-dipole DCS was subtracted from the measured DCS at each measured angle. The ICS for this subtracted DCS was then determined according to the above procedure. Since the Born DCS has been subtracted, we refer to this ICS as the "nondipole" ICS, which we interpret as an estimate of the contribution to the DCSs arising from scattering processes other than the long-range dipole scattering.
The dipole contribution to the ICS was determined by evaluating the analytic form of the ICS in the Born approximation for scattering from a point dipole, given as
where k i and k f are the incident and scattered electron momenta, respectively, and μ is the dipole moment (all in atomic units). The sum of the "dipole" and "nondipole" contributions to the ICS gives the final value of the ICS.
C. Theoretical
The cross sections for electron collisions with isobutylamine were computed with the Schwinger multichannel (SMC) method. The SMC method and its implementation with pseudopotentials (SMCPP), which was used in the present calculations, were described in detail elsewhere [18, 19] . Therefore we will only discuss the theoretical aspects related to the present calculations.
The ground-state geometry of isobutylamine was optimized at the level of second-order Møller-Plesset perturbation theory within the C 1 group using the 6-311++(2d,1p) basis set with the package GAMESS [20] . The calculated value for the dipole moment is 1.26 D. In the scattering calculations we employed the pseudopotentials of Bachelet et al. [21] to replace the core electrons of the carbon and the nitrogen atoms. We used a basis set with five s-type, five p-type, and two d-type functions [22] generated according to [23] . For the hydrogens we used the 4s/3s basis set of Dunning [24] augmented with one p-type function with exponent 0.75. To describe the polarization effects, we used improved virtual orbitals (IVOs) [25] to represent the hole and the particle orbitals. We considered single virtual excitations of the target, considering both singletand triplet-coupled excitations, from the 16 occupied orbitals to the lowest 26 IVOs, giving the total of 11 011 configuration state functions in the expansion of the scattering wave function. We employed the standard Born-closure procedure [26] to account for scattering of the higher partial waves due to the long-range character of the dipole potential.
Elastic electron-scattering cross sections for ethylamine, dimethylamine, n-propylamine, isopropylamine, and ethylenediamine were carried out using an all-electron version of the SMC method implemented for massively parallel computers [27] . The geometry for each molecule was optimized at the level of second-order Möller-Plesset perturbation theory within the 6-31G(d) Gaussian basis set as contained in GAMESS [20] , subject to symmetry constraints that required a C s conformation for the first three molecules and a C 2h conformation for butylenediamine. For the scattering calculation, the same one-electron basis set was used in each case, namely, the double-ζ valence basis of Dunning [28] [20] were used for the supplementary functions. The molecular ground state was described by a restricted Hartree-Fock wave function. An orthogonal transformation was applied to the Hartree-Fock virtual molecular orbitals to obtain the modified virtual orbitals of Bauschlicher [29] , in each case using a +6 cation Fock operator. To describe polarization effects, the many-electron variational basis set for the SMC scattering calculations included doublet configuration state functions formed from singlet-coupled single excitations from the valence orbitals of the target molecule into the 30 lowest-energy modified virtual orbitals. The total size of the variational space was 25 148 configuration state functions for each of the ethylamine and dimethylamine molecules, 44 784 for each of the n-propylamine and isopropylamine molecules, and 42 438 for the ethylenediamine molecule. The differential cross sections were corrected for long-range scattering by the dipolar potential using the approach previously described [30] , except in the case of ethylenediamine, which is nonpolar in the C 2h conformation.
III. RESULTS AND DISCUSSION
We measured normalized experimental elastic scattering DCSs for electron scattering from isobutanol for E 0 values from 1 to 100 eV and θ from 5
• to 130
• . These DCSs are listed in Table I along with 1 standard deviation errors determined from the statistical counts, reproducibility of the DCSs, and estimated errors in gas flow rates (2% for each gas) and in the helium elastic DCSs (5%-7%). Figure 3 compares the present experimental DCSs at selected E 0 values with our present SMCPP calculations for isobutylamine, our previous calculations for isobutanol [4] , and our previous measurements and calculations for n-butanol [3] . At E 0 = 1 − 15 eV, the experimental DCSs of isobutanol and n-butanol are similar in magnitude and, to some extent, shape. At higher energies the agreement between the measured isobutanol and n-butanol DCSs improves, and at 30 eV and above (note that 50 and 100 eV results are not shown), they become essentially identical. At 1 eV both follow the shape of the Born-dipole curve at small θ but are about 20%-40% larger. At 1 eV, the calculated DCSs agree well with experiment at forward angles but do not show the backward peaking seen in the measurements; however, at 2-10 eV, there is good qualitative and semiquantitative agreement between calculation and experiment. At E 0 10 eV, the qualitative agreement continues to be good, although from 20 eV [8] ; solid blue line is the isobutanol calculation of Ref. [4] ; dashed green line is the pseudopotential calculation for n-butanol of Ref. [8] ; and chained magenta line is the present calculated result for isobutylamine. and up the calculations produce DCSs that are too large at intermediate angles, as is typical of single-channel calculations that neglect loss of flux into excitation and ionization channels. Note that the SMCPP results for isobutylamine are highly similar to those for isobutanol at all energies. Figure 4 (a) shows the so-called excitation function at 90
• , that is, the DCS measured as a function of E 0 at a fixed scattering angle. This displays a broad peak, probably due to one or more shape resonances between 5 and 15 eV, with a maximum at approximately 8.5 eV, after taking qualitatively into account the direct-scattering background. We observed similar broad resonances in other alcohols [2] [3] [4] 31] and noted that they show a qualitatively different behavior of the DCS, depending on whether the molecule has a straight-or branched-chain structure. To investigate this resonant behavior, we have taken detailed DCS measurements at 10 eV on both isobutanol and n-butanol and normalized our present relative n-butanol DCSs to our earlier DCSs [3] for n-butanol. Our results [ Fig. 4(b) ] show clear differences in the DCSs between isobutanol and n-butanol at 10 eV, as predicted by theory. Whereas n-butanol shows a minimum around 90
• , reflective of the f -wave pattern typically seen in straight-chain molecules such as ethanol [2] and n-propanol [3] , isobutanol shows instead a "d-wave" shape with a peak at 90
• , consistent with the pattern seen in resonant scattering by other branched systems such as isopropanol [31] . Although the oscillations in the measurements are less pronounced than predicted by theory, the experiment can clearly differentiate between the two targets. We note that the calculated DCS for isobutylamine at 10 eV (Fig. 3) likewise shows the d-wave pattern with a local maximum at 90
• .
Further information on the connection between resonant scattering patterns and molecular structure comes from a consideration of other alkyl amines. In a recent study, Silva et al. [32] computed elastic electron and positron scattering cross sections for methylamine, CH 3 NH 2 . Their electron DCS at 10 eV shows the f -wave pattern expected for unbranchedchain molecules. In Fig. 5 we show our present calculated results at 10 eV for five additional amines, four of which have a straight-chain structure while one, isopropylamine, has a branched structure (see Fig. 2 ). These molecules fit the overall trend with the exception of dimethylamine, which shows a (mostly) d-wave pattern despite having a straight-chain structure. We note that other exceptions exist; for example, the simplest alcohol, methanol, does not show an f-wave pattern. Nonetheless, the overall trend is strong, and recent calculations on the five-carbon straight-chain alcohol n-pentanol [33] show that it extends to even larger systems, as well as to other amines [34] . Figure 6 shows ICSs and MTCSs for isobutanol and n-butanol. The ICS and MTCS values plotted for n-butanol differ slightly from those reported in [3] and are obtained by applying the extrapolation routine described above to the DCS data given in [3] , for consistency of comparison. Our Borncorrected experimental ICS data are in very good agreement with the results of the SMC calculations (which also include a Born-dipole correction). The poorer agreement with theory when the Born correction is not applied shows the importance of the dipole interaction at small collision energies E 0 , while at E 0 15 eV, the two differently extrapolated ICSs merge as expected due to the lessening influence of dipolar scattering. and momentum transfer (bottom) cross sections for elastic electron scattering by isobutanol and n-butanol. The red circles are results for isobutanol obtained using the Born-dipole extrapolation of the present differential cross sections; the blue triangles are results for n-butanol obtained in the same way from the differential cross sections of Ref. [3] . The open circles and triangles are corresponding results obtained using a simple polynomial extrapolation. The solid red lines are calculated results for isobutanol from Ref. [4] , the dashed green lines are calculated results for n-butanol from Ref. [3] , and the chained magenta lines are present calculated results for isobutylamine. See text for discussion.
Because the contribution of the DCS to the momentum transfer cross section goes to zero at small angles, the Born-dipole extrapolation and the polynomial extrapolation give the same MTCSs, so we have only provided one MTCS for each target.
Here we see good overall agreement with the calculations for both molecules. We note that the relatively sharp resonance, seen by theory at E 0 = 10 eV, is observed in both the ICS and MTCS measurements.
The present calculated results for isobutylamine, obtained using the extrapolation process described in Sec. II A with an assumed inelasticity of 5 meV, are also shown in Fig. 6 . At small E 0 , both the MTCS and, especially, the ICS of isobutylamine are somewhat smaller than those of isobutanol, as would be expected due to isobutylamine's smaller dipole moment, but the cross sections for the two molecules agree closely above roughly 5 eV.
IV. CONCLUSIONS
We have presented experimental DCSs for elastic electron scattering from isobutanol obtained using an aperture, moveable gas beam source interfaced with an electron spectrometer in an effort to investigate similarities and differences among the butyl alcohols seen in calculations [4] . The experimental results confirm an overall similarity in magnitude between the DCSs for isobutanol and n-butanol, especially at high energies. Our measurements also verify the prediction [4] that the DCS of isobutanol shows a dominant d-wave pattern in the resonant region near 10 eV, in contrast to the f -wave pattern seen in n-butanol. The present calculations for the isoelectronic molecule isobutylamine produce cross sections highly similar to those of isobutanol, including the d-wave scattering pattern, while results for five smaller alkyl amines support the general trend of branched molecules showing a d-wave pattern and unbranched molecules an f-wave pattern.
The underlying reasons for this trend are not fully clear. Shape-resonant scattering can often be usefully analyzed in terms of the energies and symmetries of the lowest unoccupied valence orbitals. In the alkanes, alkyl alcohols, and alkyl amines, these are mostly C-C, C-O, and/or C-N σ * orbitals. Thus in ethane (C 2 H 6 ), where the lowest-energy empty valence orbital is C-C σ * and has an obvious f z 3 shape, it is not surprising to find that the resonant DCS exhibits a pattern characteristic of f -wave scattering. However, it is less obvious what controls the scattering pattern in larger alkanes with multiple C-C σ * resonances, and in particular, what differentiates branched from unbranched systems. Similar remarks apply to the alcohols and amines. It is perhaps suggestive that two exceptions to the f-wave trend among unbranched molecules, methanol and dimethylamine, lack C-C bonds; however, methylamine, which also lacks a C-C bond, does exhibit an f -wave DCS at 10 eV [32] . Despite these open questions, that the same trend should persist (with limited exceptions) across a broad family of molecules (alkanes, alkyl alcohols, alkyl amines) despite wide differences in size, dipole moment, etc. is itself remarkable.
